Conventional spectral elastographic techniques estimate strain using crosscorrelation methods.
Introduction
For more than a decade, elastographic methods for estimating and imaging soft tissue elasticity have received a lot of attention (Ophir et al 1991 , O'Donnell et al 1994 , Emelianov et al 1995 , Doyley et al 2001 . The primary goal of these efforts has been development of novel imaging methodologies and techniques for estimating the elastic properties of soft tissue in order to differentiate normal from pathological tissue. The importance of discriminating between these tissue types resides in the fact that changes in tissue stiffness generally correlate with pathological changes (Anderson and Kissane 1977) . Hence, from a clinical perspective early detection of these conditions is paramount in order to establish a suitable course of treatment and to improve patient prognosis.
In 1991, Ophir and co-workers introduced an ultrasound-based technique, termed elastography, for imaging soft tissue strain profiles (i.e. relative deformation) owing to a quasistatic compressive force. In this particular method, strain is used as a surrogate for tissue stiffness; low tissue strain regions indicate high stiffness and vice versa. In conventional elastographic imaging, axial tissue motion is estimated as the peak position of a crosscorrelation function applied to congruent pre-and post-compression RF echo data segments (Ophir et al 1991) . Since these displacements are derived from a discrete valued correlation function, subsample estimation is typically employed in order to improve accuracy (Céspedes et al 1995) . By shifting the data windows, displacement estimates are obtained as a function of tissue depth and repeated until all pre-and post-compression A-line pairs are processed. Highresolution strain images (termed elastograms) are obtained by taking the gradient of the axial displacement estimates (Ophir et al 1991) . Thus, elastograms convey quantitative information about local tissue deformation, which can be used clinically to assess tissue stiffness (e.g. Garra et al (1997) ).
In order to enhance correlation between pre-and post-compression RF echo signals in elastography and, subsequently, to reduce strain noise, global stretching of the compressed temporal signal is employed Ophir 1993, Varghese and Ophir 1997a) . Due to the heterogeneous tissue strain profiles encountered in practice, a global (or constant) stretch may not be optimal. Consequently, elastographic techniques have been developed that adaptively estimate a localized stretch factor (i.e. per windowed segment) prior to computing tissue strain Ophir 1998, Srinivasan et al 2002) . Specifically, the use of a local adaptive temporal elastographic approach was shown by Srinivasan et al (2002) to produce significant improvements in the elastographic contrast-to-noise ratio (CNR e ) when compared to results derived using conventional elastography (with global stretching).
Alternatively to the temporal elastographic methods, spectral strain estimators are premised on the Fourier scaling property, which indicates that compression of a temporal signal produces a proportional expansion in the corresponding power spectrum. Initial reports detailing spectral elastographic methods estimated the strain-induced change between pairs of pre-and post-compression power spectra from either spectral centroid shift or spectral cross-correlation (Varghese et al 2000 , Hoyt et al 2005b based analysis techniques. Moreover, the latter was shown to be more accurate in terms of demonstrating a higher elastographic signal-to-noise ratio (SNR e ) due to computation of the shift over the entire spectra (Varghese et al 2000) .
Furthermore, in a report by Alam et al (2004) , a technique was introduced that adaptively estimated the spectral scaling factor by iteratively scaling the post-compression power spectra until a maximum correlation was achieved between the pre-compression and scaled postcompression power spectra. The corresponding scaling factor was then used as a measure of tissue strain. More importantly, this maximum correlation-based approach was shown to qualitatively outperform conventional temporal elastographic techniques (Alam et al 2004) . Note that locally down scaling the post-compression power spectrum is analogous to the practice of locally stretching the post-compression signal in temporal elastography Ophir 1998, Srinivasan et al 2002) . Overall, the objective of these data manipulation techniques is to lessen the degrading effects of axial decorrelation on the strain estimates.
Despite being very accurate, the adaptive spectral elastographic approach introduced by Alam et al (2004) is computationally intensive owing to the iterative search structure.
In this paper, we introduce a novel hybrid spectral strain estimation technique that locally compresses the post-compression power spectra by an approximated scaling factor and then estimates any residual strain (owing to improper scaling factor selection) using spectral crosscorrelation methods. Hence, a more suitable approach to real-time spectral elastographic strain processing may be realized. Results obtained from this novel hybrid spectral elastographic approach will be presented and compared to both conventional spectral elastography (Hoyt et al 2005b) and adaptive temporal elastography (Srinivasan et al 2002) .
Theory
In elastography, the pre-and post-compression echo signals are typically modelled as follows Insana 1996, Varghese et al 1998) :
where z is a spatial variable, s 1 (z) and s 2 (z) are the backscattered echo signals, respectively, h(z) is the point spread function (PSF), e(z) is the backscattering function, a is the compression coefficient and n 1 (z) and n 2 (z) are independent white noise sources. Assuming that both the PSF and scattering function can be modelled as Gaussian-modulated sinusoids, the following is obtained (Insana et al 1990 , Lizzi et al 1987 , Varghese et al 1998 :
and
where L h and L e are the bandwidths of the PSF and scattering function, respectively, and k h and k e are the corresponding spatial centre frequencies. The one-sided power spectra (positive frequencies only) for the backscattered echo sequences as derived from equations (1) and (2) are given, respectively, as :
where N 1 (k) and N 2 (k) are independent power spectra of white noise processes. The bandwidths corresponding to the pre-and post-compression power spectra described by equations (5) and (6) are given by :
where c is the speed of sound in tissue (and assumed constant).
Inspection of equations (5) and (6) reveals that the pre-and post-compression power spectra differ only in spatial frequency by the compression coefficient a and in magnitude by 1/a. Specifically, the frequency difference is given as :
where f e is the centre frequency of scattering function. The compression coefficient is linked to strain s through (Bilgen and Insana 1996) :
where the rightmost approximation is termed the small strain approximation and holds for strains less than 1.0%. Inserting equation (10) into (9) and rearranging the terms, we obtain the following :
which relates strain to the frequency shift between the pre-and post-compression power spectra scaled by the centre frequency of the uncompressed scattering function. Note that a positive quantity implies that the post-compression power spectrum is upshifted relative to the pre-compression version.
As introduced by equation (11), the relative shift between a pair of pre-and postcompression power spectra can be used as a direct measure of tissue strain. However, when utilizing cross-correlation methods to estimate the spectral shift (Varghese et al 2000 , Hoyt et al 2005b , bandwidth broadening can degrade the strain estimates. This decorrelation effect manifests as a spatial variation between the pre-and post-compression power spectra; being more pronounced as strain increases due to the relative increasing scale change between the respective spectral signals. Furthermore, due to the spike-like activity of power spectra derived from short spatially windowed backscattered RF echo signals, strong spectral peaks can dominate the cross-correlation function; serving as a potential source of decorrelation noise that degrades the spectral shift estimates.
In general, decorrelation effects will compromise the accuracy of spectral cross-correlation methods and, subsequently, the tissue strain estimates. By scaling the post-compression power spectra prior to estimating tissue strain using spectral cross-correlation analysis, we can preserve computational simplicity while reducing decorrelation effects. Note that the proposed scaling of the post-compression power spectra is analogous to that introduced by Alam et al (2004) with the main discrimination being that the cited work employs an iterative search process that locally scales the post-compression power spectra until a maximum correlation is achieved between the pre-and scaled post-compression power spectra. The spectral elastographic method we are introducing scales the windowed post-compression power spectra only once using a priori knowledge of the compression coefficient and then estimates any residual strain using spectral cross-correlation methods.
Bandwidth broadening β (for Gaussian spectra) can be described by the ratio of equations (7) and (8), or more specifically:
Since the PSF and the scattering function are related to the time-domain through a convolution operator, the frequency-domain relationship between the spectra is a multiplication operator. Thus, the spectrum of the backscattered signal is determined by the signal (PSF or scattering function) with the smallest bandwidth (i.e. L h ∼ = L e ) and equation (12) can be further simplified to
Note that equation (13) relates bandwidth expansion between the pre-and post-compression signals to either the compression coefficient or tissue strain. For the case of zero tissue strain, the bandwidth broadening factor is unity as expected.
The new hybrid spectral strain estimation technique is described as a two-stage process. The first stage locally scales the post-compression power spectra by a factor estimated using equation (13) and knowledge of the applied tissue compression. The second stage then utilizes equation (11) to estimate any residual tissue strain (due to discrepancies between the true strain value and that utilized in the first stage). Specifically, the spectral shift between the pre-and scaled post-compression power spectra is computed using cross-correlation analysis (Varghese et al 2000) and the centre frequency of the uncompressed scattering function is estimated as the centroid of the backscattered echo spectrum . In order to improve the accuracy of the spectral shift estimates while minimizing computational burden (i.e. high spectral resolution), subsample estimation via parabolic interpolation was performed about the peak of the spectral cross-correlation function (Hoyt et al 2005b) . Finally, since bandwidth scaling modifies the post-compression power spectra by a predetermined compression coefficient (i.e. strain value described by equation (10)) this must be accounted for in the final strain estimates.
Simulations

Methods
In order to evaluate the various strain estimation techniques, a 1D elastographic simulation program was developed using Matlab (Mathworks, Inc., Natick, MA, USA). The model assumes that the impulse response of the ultrasound system, or PSF, can be described as a modulated Gaussian pulse (7.5 MHz centre frequency, 60% bandwidth) and that the scattering function consists of uniformly distributed high-density point scatterers in order to generate Gaussian statistics (Varghese et al 1998) . The speed of sound was assumed constant at 1540 m s −1 . Briefly, a pre-compression RF echo A-line sequence (40 mm in length and sampled at 60 MHz) is created by convolving the PSF with the scattering function. The postcompression echo sequence is then created by linearly compressing the scattering distribution by a specified strain level and then convolving with the PSF in the same manner as done for the pre-compression signal. Furthermore, the sonographic signal-to-noise ratio (SNR s ) was implemented at a level of 30 dB by superimposing white noise (independent sources) onto the backscattered echo signals. For the simulation results presented here, strain estimates were obtained for 30 different applied strain levels (dynamic range of 0.1-50%) each averaged over 25 realizations. Strain estimator performance was quantified using the SNR e , which is defined for a homogeneous strain region as
where µ s denotes the mean strain estimates and σ s is the standard deviation of the strain estimates (or strain estimate noise). Additionally, simulation results obtained using the Strain Filter approach depict the dynamic range of strain from the compressed tissue and the corresponding SNR e (Varghese and Ophir 1997b ) . In order to compute tissue strain as described by equation (11), spectral estimates must be derived using windowed RF echo signals. Furthermore, in order to ensure that strain analysis was applied to windowed pre-and post-compression signals composed of the same echo information, the latter windowed segments were shifted and scaled as a function of the applied strain , Hoyt et al 2005b , figure 1. Given the windowed RF echo signals, the power spectra for the pre-and post-compression signals were computed using the fast Fourier transform (FFT). Specifically, baseband spectral estimates were computed up to 15 MHz (i.e. two times the PSF centre frequency) with a spectral resolution (i.e. FFT length) of 1024. Strain estimation was performed using both the spectral elastographic techniques as described previously (i.e. with and without local spectral scaling) in addition to using an adaptive temporal elastographic method (Srinivasan et al 2002) .
Results
The results of figure 2 demonstrate the effects on the pre-and post-compression signals for a 2% applied compression (strain). The uncompensated post-compression spectrum ( figure 2(a) ) is discernibly scaled (to higher frequencies) due to the applied compression. Consequently, utilizing the local spectral broadening compensation technique results in a post-compression spectrum that exhibits a higher correlation to that of the pre-compression spectrum ( figure 2(b) ). Specifically, the correlation coefficients between the pre-and post-compression power spectra for the signals depicted in figures 2(a) and (b) were computed as 0.69 and 0.89, respectively. Note that the scaled post-compression echo power spectra are not a perfect match to the precompression version (i.e. the presence of residual strain information) due to the fact that scaling the backscattered echo power spectra inherently scales the PSF. Remember that the bandwidth scaling factor of equation (13) was derived numerically from scattering function spectral information and was devoid of PSF consideration, which is a system parameter unaffected by tissue compression.
Performance improvements afforded by using hybrid spectral elastography versus the conventional technique were assessed using the results depicted in figure 3 . Comparing the Strain Filter responses illustrated in figure 3(a) to the corresponding responses depicted in figure 3(b) reveals an increase in maximum SNR e for the latter of 9, 44, 70 and 93% for the 1, 2, 3 and 4 mm data segments, respectively. These performance enhancements are attributed to increased robustness to axial decorrelation noise. Furthermore, there is a discernible increase in strain estimation sensitivity and dynamic range when employing the hybrid spectral elastographic technique as compared to using the conventional spectral strain processing method. Note the precipitous drop in SNR e at higher applied strain levels (approximately 6%), which is attributed to the spectral strain estimates being dominated by decorrelation noise processes.
In comparing the hybrid spectral elastographic method to that of the adaptive temporalbased approach (using 1, 2, 3 and 4 mm data segments with 0.6 mm shift), the results presented in figure 4 (a) demonstrate that the latter exhibits a lower strain estimation standard deviation when using 1 mm spatial window lengths. This observed performance disparity is attributed to the poor spectral resolution and, subsequently, spectral-based strain estimates, obtained using short data segments. Conversely, figure 4(a) also shows that for larger spatial window lengths (i.e. 2-4 mm), the hybrid spectral elastographic method exhibits less variability in the strain estimates for applied strain in the range of 0.8-6%. Furthermore, the results of figure 4(b) indicate that this same applied strain range corresponds to a higher SNR e for the hybrid spectral elastographic method (for spatial window lengths of 2-4 mm). Note that the hybrid spectral elastographic method reaches a maximum SNR e value at approximately 4% applied strain whereas the adaptive temporal elastographic method exhibits the same at approximately 10% (depending on window length). In a report by Krouskop et al (2003) , it was shown using excised breast tumour samples that for applied strains exceeding 6%, there was an irreversible change in the elasticity of the tissue samples. Thus, it is hypothesized that in order to avoid inducing mechanical changes in tissue, elastographic compressions should not exceed 5% strain. Hence, hybrid spectral elastography may be better suited for some clinical applications.
Experiments
Methods
A modified HDI 1000 scanner (Philips Medical Systems, Bothell, WA, USA) that allows access to RF data was used with a 7.5 MHz (60% fractional BW) linear array transducer. The transducer was attached to a mechanical system for automated motion control and has been described previously (see Hoyt et al (2005a) ). All collected RF echo data were digitized at 30 MHz and then upsampled to 60 MHz prior to processing in order to minimize digitization effects.
A gelatin tissue mimicking phantom (10 × 10 × 10 cm 3 ) was used to evaluate strain estimation techniques. The phantom contained a 1 cm (in diameter) isoechoic stiff cylindrical inclusion that was three times stiffer than the surrounding material and was produced using a technique described previously by Hall et al (1997) . Estimator performance was quantified using the CNR e as follows :
where µ denotes the mean strain estimates, σ is the variance of the strain estimates and the subscripts I and B indicate homogeneous image regions of the inclusion and background, respectively. The computed CNR e values were obtained from rectangular same-depth phantom regions. Elastograms resulting from using both conventional and hybrid spectral and adaptive temporal elastographic techniques were processed using pre-and post-compression (following applied strains of 0.5, 1, 2 and 5%) RF echo data. Additionally, noiseless images of the true strain distribution (ideal elastograms) were derived using finite element analysis (Kallel et al 1996) and the software package FEMLAB (Comsol, Inc., Burlington, MA, USA). Regarding the spectral elastographic methods, spectral estimates were computed up to 15 MHz (i.e. two times the transducer centre frequency) with a spectral resolution of 1024. All elastograms were derived using 1, 2, 3 or 4 mm data segments with a 0.6 mm overlap.
Results
A summary of computed CNR e values for the various elastographic techniques investigated is detailed in table 1. A representative set of elastograms derived using spatial window lengths of 3 mm with a 0.6 mm overlap are illustrated in figure 5 . The results presented depict elastograms of the true strain distribution ( figure 5(a) ) and those processed using the conventional spectral ( figure 5(b) ), hybrid spectral ( figure 5(c) ) and adaptive temporal ( figure 5(d) ) elastographic techniques and corresponding to applied strain levels of 0.5, 1, 2 and 5%, top to bottom, respectively. Regarding the conventional and hybrid spectral elastographic results, table 1 indicates comparable CNR e values for applied strain up to and including 1%, whereas the hybrid spectral strain estimation approach demonstrates marked increases in measured CNR e values for applied strain in excess of 1%. Inspection of table 1 also reveals that the adaptive temporal elastographic method outperforms the hybrid spectral-based elastographic method at 1 mm spatial window lengths (i.e. high spatial resolution) for applied strains up to 5%, but the latter technique exhibits higher CNR e values for the same applied strain range and for window lengths larger than 2 mm. Furthermore, the hybrid spectral elastographic method demonstrates Table 1 . Summary of elastographic contrast-to-noise ratios (CNR e ) as computed from phantom images derived using varying applied strains and spatial window lengths (with a 0.6 mm shift).
Elastographic contrast-to-noise ratio (CNR e ) (dB) the highest performance (i.e. CNR e values) for applied strain levels of 2% (excluding results obtained using window lengths of 1 mm). In general, the adaptive temporal elastographic method tends to exhibit a discernible degradation in performance as the window length is increased due to a loss of correlation in the underlying RF echo data sequences, which is not evident in the spectral-based approaches. Overall, initial experimental results obtained using hybrid spectral elastography demonstrated improved image contrast over those obtained using conventional spectral elastography. Specifically, CNR e enhancement was demonstrated for applied strain values greater than 0.5% and more so for higher applied strains. It is important to note that the compression factor used to globally stretch the post-compression RF A-lines in the adaptive temporal elastographic method (prior to local window shifting and RF data segment stretching) was the same value used to both shift and scale the post-compression data windows and to perform bandwidth scaling (hybrid method only) in the spectral elastographic methods.
Discussion
A new hybrid spectral elastographic technique was introduced, which performs local spectral (bandwidth) scaling in the post-compression power spectra prior to estimating tissue strain in order to reduce decorrelation effects. Performance of this novel hybrid spectral strain estimator was compared to both conventional spectral and adaptive temporal elastographic techniques. In addition to exhibiting improved strain estimation sensitivity and dynamic range, an increase in maximum SNR e of 9, 44, 70 and 93% for the 1, 2, 3 and 4 mm data segments, respectively, was demonstrated by the hybrid spectral elastographic technique over the conventional spectral-based approach (figure 3). In comparing the hybrid spectral elastographic method to that of the adaptive temporal-based approach, results demonstrate that for applied strains between 0.8 and 6%, the former exhibits lower levels of noise in the applied strains, top to bottom, respectively. All elastograms were processed using a spatial window length of 3.0 mm with a 0.6 mm shift. strain estimates, which was shown to correspond to a higher SNR e (figure 4). Furthermore, the hybrid spectral elastographic method reaches a maximum SNR e value at approximately 4% applied strain whereas the adaptive temporal elastographic method exhibits the same at approximately 10%. Since irreversible mechanical changes in tissue have been observed for applied strains exceeding 6%, hybrid spectral elastography may be better suited for clinical applications while the extent and impact of these changes are investigated. In comparison to conventional spectral-based results, elastograms produced using the hybrid spectral elastographic technique exhibited a higher CNR e for applied strains greater than 0.5%. It is important to note the improvements in estimator performance that were demonstrated experimentally, afforded by utilizing the hybrid spectral elastographic method over the conventional approach, were mimicked in the simulated Strain Filter results as expected .
In general, the adaptive temporal elastographic method in simulation exhibited a lower level of noise in the strain estimates for applied strains less than 0.8%. However, for applied strain in excess of 0.8%, the hybrid spectral-based methods are more robust strain estimators and, therefore, suffer less from motion-induced decorrelation noise . Overall, results indicate a fundamental tradeoff between strain estimator sensitivity and robustness when considering adaptive temporal and hybrid spectral elastographic approaches. The latter property (and method) would appear to be more advantageous in high noise elastographic imaging environments such as freehand scanning applications.
Initial reports regarding spectral-based elastographic methods have focused on the fundamental advantages of this approach over conventional gradient-based temporal elastography without axial motion compensation , Varghese et al 2000 , Hoyt et al 2005b . Alam et al (2004) introduced an adaptive spectral elastographic technique which locally compensated for tissue motion by utilizing a maximum correlation coefficient criterion. Despite the improved elastographic performance afforded by using this adaptive method, it is computationally intensive owing to the iterative search structure. Similarly, we have introduced a two-stage hybrid spectral strain estimator that utilizes the advantages of spectral (bandwidth) scaling in order to minimize axial decorrelation effects (Alam et al 2004) . Specifically, the first stage uses a priori knowledge of the tissue compression factor in order to scale the post-compression power spectra whereas the second stage utilizes spectral crosscorrelation methods to compute any residual strain information (owing to improper bandwidth scaling factor). Future work will compare these two elastographic techniques whereas it is hypothesized that the novel hybrid method introduced in this paper will exhibit comparable performance to the approach described by Alam et al (2004) assuming that the small strain approximation used to derive equation (11) is not violated (i.e. residual strains less than 1%).
In conclusion, a hybrid spectral elastographic method was introduced and shown to exhibit performance enhancements over the conventional spectral-based approach. Furthermore, this novel hybrid elastographic method was shown to outperform an adaptive temporal-based elastographic technique in both simulation and experimentation.
